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ABSTRACT 


For ter design of the periodic directional filter, some 
computational aids are required. This thesis describes 
several useful methods. Various coupling methods are also 
compared. 

In this thesis, only uniform periodic coupling has been 
examined, but non-uniform periodic coupling may be useful 
to improve the filter output characteristic. The computer 


program used in this thesis is available for that purpose. 
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i. INTRODUCTION 


Periodically coupled transmission lines have directional 
characteristics which are useful in applications where fil- 
tering and coupling are involved. Figure 1 shows the 
periodically coupled lines when viewed as a four-port 


network. 





Figure 1 


A wave incident upon port 1, the input port, will cause 
waves to emanate from ports 2, 3 and 4. The energy leaving 
port 4, however, is only a small percentage of the input 
energy which is routed mainly to ports 2 and 3. The divi- 
Sion of energy between ports 2 and 3 is controlled by the 
strength of the coupling between the lines and the frequency 
of interaction depends upon the periodicity. By controlling 
the coupling between the lines, the network may be made to 
behave as a bandpass filter (port 1-3), a bandstop filter 
Geert l-Z) er a directional coupler (port 1-3). 
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Several analyses of directional filters have been pub- 
lished previously [1], [2]. These authors, however, have 
considered resonant rather than traveling wave type struc- 
tures. ie mesove Lang wave type structure has been analyzed 
by J. B. Knorr [3] using the theory of coupled modes. The 
purpose of this thesis is to develop an exact method of 
analysis for periodically coupled lines. 

The equations derived herein are best solved on the 
digital computer and a program has been developed for that 
purpose. Several different types of filter structures with 
uniform coupling have been investigated using this program. 
An experimental structure was constructed using microstrip 
and the laboratory result obtained with this structure is 


compared with the program output. 





tl. THE SCATZERING MATRIX OF CASCADED BOUR-CORT NE tiORK. 


Periodically coupled transmission lines may be considered 
as cascaded four-port networks. Such networks are most con- 
veniently analyzed using scattering matrices. This section 
develops two methods for computing the scattering parameters 
of two cascaded four-port networks. Since a cascade of two 
four-port is just another four-port, the methods permit the 
analysis of any arbitrary number of sections. 

The first method of analysis may be developed with 


reference to Figure 2. 





Figure 2 


In Figure 2, the scattering matrix Ss, for the foeur-pore 
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Then after cascading n ero rics) reconvert the T matrix of 

n cascaded networks to the S matrix. These conversions are 
tabulated in Table I. This method breaks down when A = 0. 
This happens in case of the short coupled transmission lines 
as will be described. Also, when A becomes small, it is not 
Eepractical method for the computer work. 

A second method which may be used is described below. 
This is carried out by calculating the scattering parameters 
of the two cascaded networks, using the scattering parameters 
of each section directly. These parameters were derived for 
the network of Figure 2 and are tabulated in Tables II and 
III. The derivation is shown in the Appendix. This method 


@an be used when A is small or even zero. 
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LL THE aoc) TERENGeMATRIX. OFs COURLED LINES AND 
thier eeRrOpre DIRECTIONAL FILTER 

In the previous section, two methods were derived to 
solve cascaded four-port networks. In this section, 
elements of the scattering matrix of one section of the 
periodic directional filter are derived. Cascading these 
networks, the bandpass transfer characteristic, that is 
les, |* is examined for several types of coupling. 

First, the coupled transmission lines shown in Figure 3 
are examined. These lines are coupled at the center point 


of each line through a lumped element, Yue 


Tey 2 e i272 : 





Et 2 


R33 9 ti 2 > 


Figure 3 


Yo and Yo are the characteristic admit- 


tances of lines 1 and 2 respectively. ¥1 and Y5 are the 


in Figure 37 


propagation constants of each line. Yo is the coupling 
admittance between line 1 and line 2. Since this network 


1s reciprocal 
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Also, the symmetry of the network is such that 
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By a) = 4) 2 42° 


Thus , Siz Sz" $31" $337 S43 are the independent matrix 
elements which must be derived. 
To derive these s-parameters, the equivalent circuit 


her port 1, shown in Figure 4 is used. 
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Some interesting relations are found using these 


scattering parameters. 


For example, 


“35 Gekeecr  O 
and 

S92544 ~ $24842 = 9 
Also, when Yo = © 

A = 851543 ~ 533841 = 9 


Thus the T matrix method can not be used. 


However, short 


coupling is not practical as will be described later. 
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Now, consider the scattering parameters for periodically 
coupled lines composed of sections as illustrated in 
Figure 3. 

First, consider the case where the lines are capacitively 
are assumed to be G 


al 02 ol’ 


G,.,., that is, pure conductive. This case seems to be ver 
02 yy 


coupled with Yo = juc. and Y 


simple, but in some actual cases, it 1S an appropriate model. 


In this case, the scattering parameters are as follows: 
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a, = attenuation coefficient of line l 
a5 = attenuation coefficient of line 2 
By = phase constant of line 1 
B. = phase constant of line 2 
Let Goi = Goo 
oo 2 
WAC = > Go (n = 5,10) 
when 


B,L +81, = 2 
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also 


NS = 10, 20, 30 


where NS is the number of coupled sections. Given these 
values, the output characteristic of the bandpass direc- 
tional filter in which the two lines are coupled periodic- 
ally and uniformly is shown on graphs 1 and 2 which were 
generated using the computer program. The assumption that 
a = 0 is not practical, but these graphs give some charac- 
teristics: (1) The center frequency of this filter deviates 
from that predicted, if phase shift due to coupling is 
ignored, in this case, B,L, = 120°. (2) When the coupling 
increases, the bandwidth increases and insertion loss 
decreases. (3) Insertion loss decreases as the number of 
sections iS increased. In ie practical case, the decrease 
in insertion loss will ultimately be limited by line losses. 
If a narrow bandpass filter is desired, the coupling should 
be small and many sections are needed. Then the insertion 
loss at the center frequency of the filter increases because 
of line losses. 

As a second example, consider the case that Yo =o, that 
is short coupling. The scattering parameters for this con- 
dition are 


eae gO de Tecea 
ily eae — 


ny 





— Go) ee 
2h Goy + Goo 

pia “Soy ~(a5+585)L, 
33 ~ B+ Gy 

_—— So2 _ apg, 
43 Goi + Go 


we aXe 
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lowing values: 
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In graph 3, the output charaeteristic is smeoth, but 
the band width is very wide. This is caused by the large 


coupling. To reduce the coupling, 1s reduced by one 


iy 
half for the filter shown in graph 4. However in this 
example, the output is distorted as observed on graph 4. 
This may happen because the reflection coefficient on line 
2 increases and is unbalanced with that on line l. This 


characteristic appears whenever Coq x G Thus the short- 


02° 
coupled periodic filter does not appear to have desirable 
characteristics. 

So far, two coupling methods have been examined, one by 
the capacitance, another by short. Only the former appears 
practical. 

The next method to be considered is a little different 
from the previous methods and is shown in Figure 5. The 
lines are coupled here by means of intermediate transmission 
line. The practical merit of this method is that direct 


coupling can be used. This type of filter is easier to 


Cemsetcruct for this reason. 
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Figure 5 
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This configuration is the same as Figure 3 except a 
transmission line is used for coupling. To derive the 
scattering parameters of this network, it 1S convenient 


Eo redraw it as follows: 





Figure 6 


where G is the characteristic admittance of the 
coupling line 


Y3 is the propagation constant of the coupling 


line | 
Vv; is the incident voltage wave at point a 
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where Keb is the reflection coefficient at point b and is 
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Also, the reflection coefficient at point a is 
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Figure 7 
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In these circuits, Y3] and Y 35 can be capacitive, induc- 


tive or conductive depending on the length of Ly 


L, < A/4 3; inductive 
L = Af/4 ; conductive 
L, > 4/4 7; capacitive 
Let L. = /4 at the desired center frequency. For computa- 


tional purposes, the following values were used in the 


Computer program: 


0.018 [m] 


al 
L 


0.034 [m] 


2 
XK = Lj+L, at the center frequency 


L, = 4/4 = 0.013 [m] 
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Also, let 


Goo = Go) = O02 C } 

Gy3 = 0.007 [8] 

ve Sey 2.08 x 10° [m] 
a, = a, = 0.3 [1/m] 

a, = Ovede [am] 

NS = 10 


For these values, the computer output is shown on graph 
5. The bandwidth is decreased, but more sections are 
necessary to minimize insertion loss. The other merits of 
this method are as follows: (1) The value of each parameter 
can be obtained easily for the desired filter. (2) When 
L, = X/4, the center frequency does not deviate from the 
expected value since the coupling introduces no phase 
shift. (3) The characteristics of the directional filter 


can be changed by changing only L, and G So, any kind 


3 03° 
of band pass characteristic should be possible by merely 
changing the length and width of line 3 from section to 
section. (4) There is no matching problem because Goi and 
Goo can be adjusted to the characteristic admittances of 
the outer circuit. A practical defect of this type coupling 
is that the insertion of line 3 makes losses larger. When 
narrow bandwidth is desired, the width of line 3 becomes 
narrow and this causes more loss also. However, this seems 


to be a very practical geometry for constructing directional 


filters using microstrips. 
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IV. EXPERIMENT 


Two practical methods of coupling have been described, 
Capacitive and quarter wave. Although it would have been 
desirable to examine both methods, time limitations allowed 
investigation of only the capacitive coupling method. The 
structure of the filter is shown in Figure 8. The charac- 
teristic impedances of line 1 and line 2 are 201 = 502 and 


Zo = 1502 respectively. The capacitance between the lines 


was calculated as 


ag 
Z V 
O2c. C 
where 
ZO2C = the impedance of line 2 in the coupling region 
ve = the wave velocity of line 2 in the coupling 
region 


The propagation velocities on the lines 1 and 2 are 


8 8 


fee= 2.08 x 10° {m/sec], v. = 2.23 x 10° {m/sec] 


2 
1 G23. lym, a, = 0.7 [l/m] were found by measurement and 


Q 
I! 


NS = 20. 

The computational result using these values is compared 
with the experimental output in graph 6. There were some 
practical difficulties encountered in the construction of 
this filter; (1) the etching of the narrow line, here line 
Ze (2) the placement of line 2 on the center line of the 


filter so as to create a glide symmetric structure. (3) the 
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impedance matching section 
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Figure 8 
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Matching between line 2 and the output line. Also, some 
uncertain factors existed; for example, the value of the 
coupling capacitance and the propagation velocity of 
Dame 2. 

Considering the uncertainty of these factors, the theo- 
retical and experimental results probably agree as well as 
could be expected. In general, the experimental results 
show a wide bandwidth because of the width of the micro 
Strip line. Better construction techniques would probably 
have resulted in better agreement between experiment and 
theory. Characteristic impedance and coupling capacitance 
cannot be changed independently in this filter as the two 
are interrelated. Several possibilities exist for solving 
this problem. One method uses the gap capacitance as shown 
in Figure 9(a). The same plane can be used in this method. 


Another method is illustrated in Figure 9(b). 


‘ —8 ap 


(a) (b ) 


Figure 9 
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In any event, there are some difficulties in coupling lines 
With capacitance. However, this method has less loss than 
the method in which the transmission line is used to couple. 


Both methods are useful practically. 
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Vee . SUMMARY 


This thesis has presented computational methods for the 
analysis of periodically coupled transmission lines. Two 
methods have been described Bore obtaining the scattering 
matrix of two cascaded four-port networks where the S-matrix 
of the individual networks are known. One method utilizes 
the Seattering transfer matrix and the other method@qave. 
the elements of the scattering matrix directly in terms of 
the elements of the matrices of the individual networks. 

The computer program which was developed in the course 
of this investigation has been used to examine the response 
characteristics of lines coupled by various means. .Coupling 
by capacitance or by quarter wavelength sections appears 
most practical. Each method, however, has advantages and 
disadvantages. The merit of the former is its lower loss, 
but its realization is more difficult. The later method 
appears promising because of the ease of construction. 

In this thesis, only uniformly coupled lines were 
investigated. The strength of the coupling was such that 
considerable transfer of energy occurred, giving the net- 
work a filter type response rather than a directional 
coupler type response. Periodically coupled lines should 
also be useful as directional couplers, however. It is 


expected that techniques involving non-uniform coupling 
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and log»pericdic coupling will be useful for controling 
the response of periodic directional couplers. The computer 
program developed in this investigation may be used for 


further studies in these areas. 


Zz? 





s01890p UT Ugly 


O7T SET Oem Ge 


oe EE © <A oe \/ 


ots! %=°¢ ‘SOUuTT peTtdnoo 
ARtoedes arogz Z| '*s| 


OGE 


[T HdWudo 


STI OFT 
Cuan 


SOT 


Pe eee 


OOT 


OC 


SS 
a 


Zamod R2us0rANd 


© 
\O 


08 


OOT 


30 


e) 


ATeATATOeded AOF 





s/1% =  q ‘seuT—T petTdnos 


[Es 
e 


90130p UT Mas 


Uct 


€ HdWado 


Oc 


OV 


09 


08 


O00T 


AaMod jAuUus07AEed 


al 


‘i 





cO 


¥XOUS ATOZ 


TO, :SOUTT potdnoo 


Tf, 
TEs, 


Z3zZayeHbTH ut Aduenbezsz 
O°? 


€ HdWudoD 


O¢ 


OV 


09 


08 


O00T 


Zomod 2us079d 


32 


ZjZTaYyeHhtTHh ut Aousenbsarzaz 
0°9 ms O°? 


C0, Z T0, :SOUuTT poeTdnos 
4A0US AOZ jE is | 
Cc 


v HdWudo 


O°€ 


Oc 


OP 


09 


08 


OOT 


ZTaemod 2usored 


33 


ZAASYeHtTH ut Adusnbserz; 
0 O°? 
a — eee 


SOUTT paetTdnos 


AT}#OeATp AOZ J|**s| 


GS HdWuadd 


O°E Orc 


, IIo) 
OC 
O07 


o}e) 


08 


Tamod 3usd19ed 


OOT 


34 


Os 


Wave 


Z3ZASUeHTH ut Aduonbarzsz 


IT | r 


IVINGAWI Yad Xa 


S3[InSer TeoOTRZeAOSeYA 


pue [TejUsUTANedxse usaeMjoq 


TE 
2 | 


s| yO uostzeduoo 





JF 
OZ? 
OP 
09 
08 


zemod 3us078ed 


35 


«¢ 





APPENDIX 


THE SCATTERING MATRIX OF THE CASCADED NETWORK 


On the Figure 2, the scattering parameters of the network 


Na are 


oS ~ 2 lita aes ud Soa ae oe Tee 


Dos i Sola la’ =22a72a *23a%3a  "24at4a 


b = s 


3a a 


3la la’ =32a°%2a' 33a%3a "34a 4a 


ae a Salatia’ S42a%2a' = 43a7%3a S44acda 


also for the network Nb. 


oe | neal ieee ee oe ie ae 


om ~ “21b°Ib "22h°2b ~23b° 3b 24b 4b 


a «6 sae ib 32eeeb  2enoen) omer oe 


1 @ Scull ems es laren |= Ais as 


(A.1) 


(A.2) 


(A. 3) 


(A. 4) 


eS) 


(A.6) 


(A.7) 


(A. 8) 


The scattering parameters of the cascaded network can be 


expressed as follows: 

eee il aewmnehe ys Sa ae ys 
Bob Tol lar 20a eal eae 
Ua Weeoweda 3092 33agal 34745 


A Tee aoe 9 43°3q 44°45 


“36 


(A.9) 


(A.10) 


(A.11) 


(A122) 


Now let b a 


b 


ae! 


a = b a 


lb 2a «3b 4a’ “lb Zia 38 
(2.5) > (A.6) fade?) , “caeis} 
25a Wilbon 1b ap oe eee 
Dob °21b2a"S22b92b"S23b° 4a °24b“4b 
Tae 3b an ss2naoe senda sodbeae 
Dab * S41pP2at842p22n tS 43pP 4a’ S44pe4p 


(A.13) 


(A.14) 


(Aw15)) 


(A2rG} 


In these equations and (A.1), (A.2), (A.3), (A.4), to 


eliminate a 
Dey is a 


(A.4), 


Hes) 


fem {A.2), 


b 


a 


4a’ 


b 


(Acalsae, 


4a 
(A.15) 


First wderive, En 


lalla "22a 2 29a 3a 24a 4a 


2a 
Te = SA latiae = aela 43a teak daa 
ae Vilse2 alo 2b sh 4a bes 
ale “3b 2a) -30b° ohn eshte ee ae 


Now set these 
Gna 


ae 


SFA 


Dos 


where 


mS Ma 


“44a 


a 


a 


2b 


a 


a 


27135 


~53 3b 


la 


3a 


4b 


2 = 
ae 4 
i Salis 
: Seis 
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ese values 


(Az 


(A. 4) 


(AZT) 


(A.15) 


equations in the form as follows 


(A.16) 


(Ao) 


2la 23a 
s 0 Ss 0 
B 4la 43a (A.18) 
0 3) 0 0 $1 Ab 
0 5325 7 53465 
To solve this equation, derive the inverse of the matrix A 
OPTS uman 7 eeege be 
Cc C Cc Cc 
CHA is 7 Pak 22 23 24 (A.19) 
Se eo) wcrc mete 
Ale = “ps 23° del 
where D = |Al| 
These values are tabulated in Table II. Then 
Sha fla 
b a 
SCONES ga | (A. 20) 
oo a O34 
Do Fab 
After getting ana! Daa! aos! boo substitute these values 
into (A.1), (A.3), (A.6), (A.8). Then rearrange those 
equations as (A.9), (A.10), (A.11), (A.12). 
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